The cellular stress response is characterized in part by the increased expression of heat shock proteins, particularly the major inducible 70-kDa isoform (hsp70, also known as hsp72). Numerous physiological stimuli can increase cellular levels of hsp70, including febrile temperatures that frequently accompany viral infection, and 70-kDa heat shock proteins support replication of both DNA and RNA viruses (reviewed in references 30 and 37), yet there is a paucity of studies examining the impact of elevated heat shock protein expression on the outcome of viral infection within animals.
In vitro studies have shown that elevated cellular levels of hsp70 are associated with increased gene expression of the morbilliviruses measles virus (MeV) and canine distemper virus, members of the Paramyxoviridae. Selective overexpression via stable transfection or induction via transient heat shock both stimulate viral transcription and genome replication, resulting in increased viral protein expression and cytopathic effect (CPE) (9, 38, 39, 52, 53) . hsp70-dependent gene expression reflects direct interaction between hsp70 and the viral nucleocapsid, which is composed of the single-stranded negative-sense genomic RNA packaged by the nucleocapsid protein (N) (40, 52, 53) . The N-protein C terminus provides docking sites for both the viral polymerase and hsp70 (reviewed in reference 4). For the Edmonston B strain of MeV (Ed MeV), one of these docking sites (N-protein amino acids 517 to 525, also known as Box-3) has been shown to specifically support hsp70-dependent transcription. A single amino acid substitution within Box-3 (N522D) disrupts binding of hsp70 to Box-3, and recombinant infectious Ed MeV incorporating the N522D mutation (Ed N-522D) exhibits an attenuated transcriptional response to hsp70 without hsp70-dependent increases in genome levels being affected (9, 57, 58) .
The mouse model of MeV brain infection was previously used to show that interaction between Ed MeV and hsp70 can enhance viral virulence (8) . Transgenic (TG) C57BL/6 mice were generated that overexpress hsp70 in neurons, which are the target of MeV brain infection. The expression construct utilized a neuron-specific enolase promoter, and neuronal expression of the hsp70 transgene was confirmed by immunohistochemisty. Intracranial inoculation of neonatal hsp70-overexpressing mice with Ed MeV resulted in a 100-fold increase in the brain viral RNA burden, increased viral antigen expression and CPE, and a 5-fold increase in virus-induced mortality relative to that for nontransgenic (NT) mice. Mice challenged with the Ed N-522D variant exhibited no difference in mortality or brain viral RNA levels between the TG and NT groups, proof that it was the viral transcriptional response to hsp70 that was the basis for the observed differences in infection outcome.
Susceptibility and resistance to MeV-induced encephalitis in the mouse are determined by the H-2 haplotype, major histocompatibility complex (MHC) class I, II, and III loci that dictate the effectiveness of immune responses to MeV infection (35, 36, 55) . Mice carrying the H-2 b or H-2 k allele (e.g., the C57BL/6 and C3H strains, respectively) are susceptible to in-tracranial MeV infection, and this susceptibility has been attributed to an inefficient CD4 ϩ T-cell response and the associated release of gamma interferon (IFN-␥), the latter directly mediating noncytolytic viral clearance from neurons (14, 15, 44, 55) . In contrast, mice carrying the H-2 d allele (e.g., BALB/c) generate an efficient T-cell response, resulting in robust IFN-␥ production and protection from clinically significant MeV brain infection.
The current work tested the hypothesis that TG hsp70 overexpression in neurons, in the context of the H-2 d allele, may be host protective. When hsp70 is overexpressed in neural tissue of C57BL/6 mice, the inefficient T-cell response associated with the H-2 b allele combined with hsp70-dependent increases in viral gene expression leads to enhanced CPE and mortality (8) . But when that same hsp70-dependent stimulation of MeV gene expression occurs in the context of the H-2 d haplotype, there may be enhanced antiviral immune responses that result in host protection. Protection could reflect immune-stimulatory effects associated with increased levels of viral antigen and/or CPEs, in addition to direct innate immune stimulation by hsp70 that is released from virus-infected cells (32, 41) . The hypothesis is supported by work showing that heat shock-induced elevation of hsp70 in brains of neonatal BALB/c (H-2 d ) mice prior to infection results in enhanced viral clearance following subsequent intracranial inoculation with Ed MeV (7). Lacking is an understanding of how the mouse genetic background (i.e., differences in addition to the H-2 haplotype) may have influenced these results, the effect of selective hsp70 overexpression versus that of the multiple heat shock protein family members that are induced following transient hyperthermia, and the contribution of the viral transcriptional response to hsp70 in determining the outcome of infection.
In order to determine the effect of the H-2 haplotype on the hsp70-dependent outcome of MeV brain infection in neonatal mice, we placed the hsp70 transgene in C57BL/6 H-2 b mice on an H-2 d background through crossbreeding with congenic C57BL/10 H-2 d mice. Intracranial inoculation with the Ed N-522D variant was used to determine the significance of hsp70-dependent viral transcription for the infection outcomes, since levels of viral gene expression can affect both CPE and antiviral immune responses to infection. Infection outcomes were quantified based upon virus-induced mortality, which, in turn, was related to the brain viral RNA burden and CPE.
MATERIALS AND METHODS

Generation of hsp70-TG H-2
d mice. Characterization of TG mice overexpressing human hsp70 under the control of the neuron-specific enolase promoter [C57BL/6-TgNSE(VSV/Hsp70)5769OGL] has been described previously (8) . Congenic C57BL/10 mice carrying the H-2 d haplotype (C57BL/10.D2/NO1aHsd) were obtained from Harlan, United Kingdom. C57BL/10 and C57BL/6 mice differ by only three genetic loci, and C57BL/10.D2-TgNSE(VSV/Hsp70)5769OGL mice carrying the H-2 d haplotype were generated by back-crossing C57BL/6-TgNSE(VSV/Hsp70)5769OGL mice with C57BL/10.D2/NO1aHsd mice for two generations. Peripheral blood mononuclear cells (PBMCs), isolated from whole blood, were used to monitor the H-2 complex by flow cytometry using monoclonal antibodies specific for H-2 b (AF6-88.5, fluorescein isothiocyanate (FITC)-conjugated; BD Pharmingen) and H-2 d (SF1-1.1, R-PE-conjugated, BD Pharmingen) alloantigens. The content and expression of the hsp70 construct were confirmed by PCR and Southern blot analysis of genomic DNA and reverse transcriptase PCR (RT-PCR) analysis of total cell RNA as described previously (8) . Mice were maintained as homozygotes for the H-2 d allele and the hsp70 transgene.
Characterization of infected mice. Male and female TG and NT neonatal mice (42 h of age) were inoculated intracranially in the left cerebral hemisphere with Ed MeV or Ed N-522D MeV in a total volume of 10 l as described previously (7, 8) . Control mice received either 1ϫ phosphate-buffered saline or an equivalent dose of virus that was irradiated with 6 ϫ 10 4 J of short-wave UV light. All dams were primiparous. For survival analyses, mice were euthanized and brains harvested at 28 days postinfection (p.i.) or when animals met earlyremoval criteria (i.e., weight of Ͻ30 to 50% of the mean litter body weight, dehydration, and seizure activity). Five and ten days p.i. were also used as experimental end points for the analysis of innate immune responses by real-time RT-PCR of total brain RNA and to identify the time at which inflammatory cell infiltrates occur in tissue sections. Brains were sagittally sectioned. The right half of the brain was processed for total RNA isolation using the RNeasy lipid tissue mini kit (Qiagen). The left half of the brain was processed for light microscopic analysis of formalin-fixed paraffin-embedded tissue sections (14 to 28 days p.i.) or frozen sections (5 and 10 days p.i.).
Levels of viral RNA in total brain RNA were quantified by SYBR green real-time RT-PCR as described previously (7, 8) . Levels of CD68, MHC II, Toll-like receptor 2 (TLR2), TLR4, and IFN-␥ transcripts in total brain RNA were also quantified by SYBR green real-time RT-PCR as described previously by our group (20, 27) , representing markers of innate immune activation (CD68 and MHC II), pathways for innate immune activation (TLR2 and TLR4), and a proinflammatory cytokine response known to mediate MeV clearance (IFN-␥).
Tissue sections were evaluated for CPE following routine hematoxylin-andeosin (H&E) staining. Coronal sections at the level of ϩ1.0 and Ϫ2.0 bregma (i.e., positions relative to the anatomical structure on the skull where the frontal and sagittal sutures meet) and midline sagittal sections of the metencephalon were evaluated. Descriptions of pathological changes pertain to the transverse sections at Ϫ2.0 bregma because of the inclusion of the hippocampus, a structure whose involvement in virus-induced CPE was an indicator of mortality. Histological evaluation was carried out with all samples when possible, although sample quality was occasionally compromised in cases of acute mortality. In the latter instances, all brain tissues were frozen for subsequent RNA isolation, forgoing the histological analyses.
Neurons were identified based upon their unique cell morphology as shown by H&E staining (i.e., soma containing basophilic Nissl substance and round nuclear profile with prominent nucleolus) and the lineage confirmed based upon NeuN immunohistochemical staining. Dead cells were identified as being of neuronal origin based upon the progression from degeneration (where the cell type could be identified) to cell death that was illustrated in tissues during the acute phase of infection. Neuronal death is characterized by hypereosinophilia and margination of a pyknotic or rhectic nucleus. Immunoreactivity for activated caspase 3 was used to distinguish between apoptotic and necrotic cell death.
CD3 immunohistochemical staining was used to confirm the identity of infiltrating lymphocytes as being of T-cell origin in formalin-fixed tissues. CD4 and CD8 immunohistochemical staining was performed on frozen sections from brains harvested at 5 or 10 days p.i. Glial fibrillary acidic protein (GFAP) immunohistochemistry was used to evaluate the degree of astrocytic reactivity in areas of gliosis. Finally, von Kossa histochemical staining was used to highlight areas of tissue mineralization. All histochemical and immunohistochemical staining procedures are routine procedures performed by the Comparative Pathology and Mouse Phenotyping Shared Resource, Department of Veterinary Biosciences and the Comprehensive Cancer Center, The Ohio State University. Tissues were evaluated in a blinded manner by a board-certified veterinary anatomical pathologist.
Depletion of CD4 ؉ and CD8 ؉ T cells. Hybridomas specific for mouse CD4 and mouse CD8 (GK1.5 and 2.43, respectively) were obtained from American Type Culture Collection and grown in advanced RPMI 1640-10% fetal calf serum-10 mM HEPES to a concentration of 4 mg/ml using a miniPERM bioreactor (Greiner Bio-One). The depletion protocol employed an initial subcutaneous injection of monoclonal antibody against CD4 and/or CD8 at 48 h of age, corresponding to the time at which infections are performed. Antibody administration was performed twice weekly and changed from subcutaneous to intraperitoneal injection at week two. For CD4 ϩ and CD8 ϩ combined T-cell depletion, the GK1.5 and 2.43 monoclonal antibodies were mixed in equal parts and the total volume was reduced by half using an Amicon Ultra-100K normalmolecular-weight-limit centrifugal filter device (Millipore). Binding and specificity of the monoclonal antibodies were not affected by the concentration. Previous experiments have shown that injection of isotype-matched monoclonal antibodies of unrelated specificities does not influence the CD4 ϩ and CD8 PBMCs and isolated splenocytes was confirmed at weekly intervals by flow cytometry using monoclonal antibodies specific for CD4 ϩ (L3T4; BD Pharmingen) and CD8 ϩ (Ly-3.2; BD Pharmingen) T cells. (8) . PBMCs, isolated from whole blood, were used to monitor the H-2 complex haplotype by flow cytometry (Fig. 1A to D) . FITClabeled monoclonal antibodies recognizing an MHC class I molecule in the H-2 b and H-2 d complex were used to stain PBMCs. Unstained PBMCs were included as a negative control (Fig. 1A) . Antibody recognizing the H-2 b alloantigen stained PBMCs from NSE-Hsp70 TG mice (Fig. 1B) (8) . A weight of Ͻ30 to 50% of the mean litter body weight, corresponding to the early-removal criteria, was the best indicator of impending death and was typically associated with dehydration, social withdrawal, and seizure activity. Kaplan-Meier survival curves, censored for early removal of moribund animals, were plotted. Wilcoxon and log-rank tests were used to screen for potential differences in survival between treatment groups, with more-stringent and -definitive analyses performed using the Cox proportional hazards model.
RESULTS
Generation of
The first death in the Ed MeV-infected NT H-2 d mice occurred at 14 days p.i. and the last at 24 days p.i., with an overall mortality of 35% ( Fig. 2A) . Although the mortality is higher than the 15.1% previously reported for Ed MeV-infected NT H-2 b mice (n ϭ 53) (8), the difference was not statistically significant (P ϭ 0.076). Control mice receiving either uninfected Vero cell lysate or UV-inactivated virus exhibited no neurological abnormalities or mortality (not shown). NT H-2 d mice were 9.4 times more likely to die than TG H-2 d mice infected with Ed MeV, where no mortality was observed, and the difference was statistically significant (P Ͻ 0.036). This result is in contrast to previous results with H-2 b mice, where hsp70 overexpression promoted MeV gene expression and neurovirulence of Ed MeV (8) .
NT H-2 d mice were infected with Ed N-522D to determine whether the host protection seen in TG H-2 d mice requires a viral transcriptional response to elevated hsp70. Ed N-522D-infected NT H-2 d mice did not exhibit a statistically significant difference in the probability of dying from that of NT H-2 d mice infected with parental Ed MeV (P ϭ 0.344) (Fig. 2) . Ed N-522D-infected TG H-2 d mice had a 2.4 times lesser probability of death than did Ed N-522D-infected NT H-2 d mice, although this difference also was not statistically significant (P ϭ 0.319) (Fig. 2B) . The difference in the probability of death between Ed N-522D-infected TG H-2 d mice and Ed MeV-infected NT H-2 d mice was 4.3-fold. This difference approached but did not achieve significance (P ϭ 0.069). Collectively, these mortality data suggested a trend toward protection by hsp70 in H-2 d mice infected with the N-522D virus, but complete and statistically defensible protection from virus-in- duced mortality required both hsp70 overexpression and virus that was capable of mounting a transcriptional response to hsp70 (i.e., Ed MeV).
Mortality was directly correlated to the mean viral RNA burden in the brain. Total RNA was isolated from brains of moribund animals during the acute phase of infection and of animals surviving to 28 days p.i. Quantitative real-time RT-PCR analysis of the viral N-gene sequence was used to calculate the mean viral RNA burden. The lack of mortality seen in Ed MeV-infected TG H-2 d mice was associated with a 15-fold decrease in the brain viral RNA burden relative to that of Ed MeV-infected NT H-2 d mice (Fig. 3A) . The mean viral RNA burden (per 250 ng of total brain RNA) was (1.9 Ϯ 3.4) ϫ 10 Within the NT group of animals, there was a strong correlation between mortality and the viral RNA burden. This group consisted of 7 moribund animals and 13 animals that survived to 28 days p.i. The mean viral RNA burden of moribund animals was (7.2 Ϯ 4.6) ϫ 10 6 copies per 250 ng/total RNA. The mean brain viral RNA burden for NT H-2 d mice (n ϭ 20) infected with Ed N-522D was (2.2 Ϯ 5.1) ϫ 10 6 copies per 250 ng total brain RNA, being comparable to that of NT mice infected with Ed MeV (i.e., 2.9 ϫ 10 6 copies) (Fig. 3B ). The burden in TG H-2 d mice (n ϭ 22) infected with Ed N-522D virus was less at (4.1 Ϯ 2.1) ϫ 10 5 . This difference between NT and TG Ed N-522D-infected mice was not statistically significant (P Ͼ 0.05, one-way ANOVA), although the decreased mean viral RNA burden in the TG Ed N-522D-infected mice was statistically significantly less than that of the NT Ed MeVinfected mice (P Ͻ 0.001). The latter corresponded to a difference in the probability of mortality that approached but did not achieve statistical significance. As with Ed MeV-infected animals, there was overall correlation between a high brain viral RNA burden and mortality, with five of the six mortalities exhibiting the greatest brain viral RNA burdens. Statistical analysis confirmed the significance of the correlation between survival times and viral burdens. For TG and NT H-2 d mice infected with either Ed MeV or the Ed N-522D variant, the correlation coefficient was negative and highly significant (r ϭ 0.833; P Ͻ 0.0001). That is, as the viral burden increases, the survival time decreases.
MeV-induced mortality and a high brain viral RNA burden were correlated to increased CPE, which was documented in formalin-fixed paraffin-embedded tissue sections. The brain viral RNA burden was previously correlated to CPE in Ed MeV-infected heat-shocked and nonshocked BALB/c mice (7). The brain viral RNA burden was also correlated to CPE and mortality in NT and TG hsp70-overexpressing H-2 b mice, where a high brain viral RNA burden was associated with viral RNA-positive cells that formed intranuclear inclusion bodies, expressed the H glycoprotein, and formed syncytia in the hippocampus (8) . The present study focused upon Ed MeV-infected TG and NT mice since the mortality and viral RNA burdens were statistically significantly different between these groups of mice.
The majority of both Ed MeV-infected TG (n ϭ 22/23) and . Kaplan-Meier statistics were used to generate the survival curves. The Wilcoxon and log-rank tests of survival indicated that survival curves differed significantly among the groups. The Cox proportional hazards models further revealed that survival significantly decreased for Ed MeV-infected NT mice relative to that for TG mice (P Ͻ 0.036). Survival rates of Ed N-522D-infected NT and TG mice did not differ significantly from one other. Tissue changes consisted of leptomeningeal and gray-matter perivascular CD3 ϩ lymphocytic infiltrates, infiltration of the neuropil by lymphocytes, and reactive gliosis in the neuropil (i.e., nonsuppurative meningopolioencephalitis). Selective neuronal cell death was present in Ed MeV-infected NT mice that were moribund between 12 and 24 days p.i. and was characterized by hypereosinophilia and karyorrhexis or karyolysis based upon H&E staining. The majority of dead cells lacked immunohistochemical reactivity for activated caspase 3 (not shown), suggesting that necrosis rather than apoptosis was the predominant basis for cell death, and a progression from selective to pannecrosis was frequently observed. Active neuronal death was not observed at the end of the 28-day-p.i. interval, although areas of previous selective or pannecrosis were marked by foci of mineralization (positive von Kossa histochemical staining), formation of GFAP-positive glial nodules, or tissue loss. These mineralized foci were also evident in Ed MeV-infected TG mice (Fig. 4B) , although the incidence was lower, being 30% (7/23), compared to 55% (11/20) for NT mice. Inflammatory infiltrates or other pathological changes were not observed at 28 days p.i. with saline or UV-inactivated virus.
Mortality in Ed MeV-infected NT H-2 d mice was correlated to virus-induced neuronal cell death in the CA1 to -3 layers of the hippocampus and the granular cell layer of the dentate gyrus, with the greatest severity of change being present in CA2 and -3 neuronal populations. During the acute phase of infection (i.e., prior to 28 days p.i.), neuronal syncytium formation was observed. Syncytia exhibited a progression to cell death, reactive gliosis, and mineralization. As in the cortex, the majority of dead neurons lacked immunoreactivity for activated caspase 3. These changes were associated with CD3 ϩ lymphocytic inflammatory infiltrates. Acute changes in the hippocampus are illustrated in later sections of this article, where affects of T-cell depletion are described (see below). For animals surviving to 28 days p.i., neuronal death was evidenced by neuronal dropout, foci of mineralization, and GFAP-positive glial nodules, and the magnitude of inflammation was increased. Representative changes are illustrated in Fig. 4 and 5). The incidence of reactive glial and inflammatory changes was proportionate to the magnitude of neuronal death, with 55% (11/20) of the NT-infected mice exhibiting hippocampal neuronal death and 80% (16/20) exhibiting hippocampal glial and/or inflammatory responses. Of the animals exhibiting neuronal death, the incidence was 80% in the acute mortality group and 40% in the survivors. In contrast, evidence of hippocampal neuronal death was 22% (5/23) in Ed MeV-infected TG mice (i.e., less than half of that observed in NT mice), and the overall incidence of inflammatory/glial responses was 48% (11/23).
Decreased mortality of Ed MeV-infected TG mice was associated with an increased incidence of hydrocephalus ex vacuo. The change was characterized by a bilateral reduction in cerebrocortical thickness by greater than 25% and an expanded volume of the lateral ventricles (i.e., hydrocephalus) (Fig. 4) . The third and fourth ventricles were normal in size, there was no cranial deformation (i.e., macrocephaly), and the amount of cerebrospinal fluid within the subarachnoid space was within normal limits. These changes are consistent with ventricular enlargement secondary to a loss of periventricular tissues (i.e., hydrocephalus ex vacuo), as has previously been described in association with immune-mediated clearance of Sindbis virus from brains of C57BL/6 mice (24). The incidence of hydrocephalus was 35% (8/23) in TG mice, whereas no hydrocephalus was observed in the MeV-infected NT group MeV-infected TG mice was associated with a reduction in cerebral cortical (CC) thickness by more than 25%, resulting in the enlargement of the lateral ventricles (LV), whereas hydrocephalic changes were not observed in NT Ed MeV-infected mice surviving to 28 days p.i. These subgross images illustrate the paucity of changes in the hippocampus (H) of TG mice even when there is extensive pannecrosis with mineralization in the overlying cerebral cortex (black arrow) and inflammatory infiltrates (white arrow) of the thalamus (T). Findings for TG mice are contrasted to the more pronounced inflammatory involvement of the hippocampus in an NT mouse, where the degree of involvement of the cerebrum and thalamus is not appreciated at this magnification. The latter brain is from the same animal illustrated in Fig. 5C and D. Sham-inoculated control mice lack microscopic lesions.
(n ϭ 20) or within the mock-infected or uninfected TG controls (n ϭ 5). This difference between TG and NT mice was statistically significant (P ϭ 0.004, Fisher's exact test). Hydrocephalus was sporadically observed in the maintenance C57BL/10.D2-TgNSE(VSV/Hsp70)5769OGL line, consistent with the 4 to 6% incidence reported for C57BL mice (33), although no differences in incidence have been observed between NT and TG mice.
Depletion of T-cell subsets in H-2 d mice. We demonstrated (Fig. 2 ) that H-2 d mice with overexpression of hsp70 are completely protected against intracranial challenge with Ed MeV relative to NT mice, reflecting a reduction in the brain viral burden. Selective T-cell depletions were subsequently performed to determine the basis for the host protective response to Ed MeV in TG H-2 d mice. Splenocytes harvested from uninfected control C57BL/10 H-2 d mice at 1 to 4 weeks of age were stained with the monoclonal antibody L3T4 or Ly-3.2 and analyzed by flow cytometry. The L3T4 antibody recognizes the CD4 molecule and Ly-3.2 recognizes the CD8 molecule on T cells. Compared to those of weanling animals (Ն3 weeks of age), spleens of suckling mice (Ͻ3 weeks of age) contained fewer CD4 ϩ and CD8 ϩ lymphocytes, although the differences for each subset were less than twofold and did not reach statistical significance (Table  1) . Additionally, the CD4-to-CD8 cell ratio in the developing spleen (1.2 to 1.0, average for weeks 1 and 2) did not statistically differ from that observed in the weanling spleen (1.6 to 1.0, average for weeks 3 and 4). For T-cell depletion, suckling mice were inoculated twice weekly for 4 weeks with 0.1 mg/kg of body weight of anti-CD4 (GK1.5) or anti-CD8 (2.43) monoclonal antibody. Antibodies selectively depleted the corresponding T-cell subset during the 28-day time course (Table 1) . Treatment of animals with the combined GK1.5 and 2.43 monoclonal antibodies resulted in complete CD4 ϩ and CD8 ϩ T-cell depletion (not shown). Depletion of T cells was also monitored in PBMCs collected from whole blood at the time of sampling, and complete depletion of the respective T-cell subset was confirmed (not shown).
With the utility of the approach to T-cell depletion established, CD4
ϩ and/or CD8 ϩ T cells were depleted in neonatal FIG. 5 . Representative pathological anatomical changes in brains of TG (A and B) or NT (C and D) mice at 28 days following intracranial inoculation with Ed MeV. Sections illustrate the hippocampal and dentate gyrus and the adjacent thalamus (T), lateral ventricle (LV), and cerebral cortex (CC), shown here in H&E-stained sections of formalin-fixed tissues at magnification ϫ4 (A and C) or ϫ10 (B and D). Granular cell neurons of the dentate gyrus (GrDG) and pyramidal neurons of the CA1, CA2, and CA3 regions of the hippocampus were unaffected in 78% of the TG mice, as shown in panels A and B, where minimal leptomeningeal inflammatory infiltrates (black arrows) and a region of minimal hippocampal gliosis (white arrow) were the only significant findings within these structures. The field illustrated in panel B lacks significant lesions and is indistinguishable from tissue from sham-inoculated controls. The enlarged lateral ventricle is evidence of hydrocephalus, a change observed in 35% of the Ed MeV-infected TG mice. In contrast, pronounced inflammatory and glial responses involving the hippocampal and dentate gyrus were observed in 80% of the NT mice, and there was evidence of pyramidal neuronal necrosis in 56%, illustrated here as a marked reduction in neuronal density in the CA3 region and a moderate reduction in the CA2 region (arrows) (C and D).
NT and TG H-2 d mice at the time of intracranial challenge with Ed MeV. Mortality in CD4
ϩ T-cell-depleted NT mice (n ϭ 18) was 94%, compared to 63% in CD8 ϩ T-cell depleted NT mice (n ϭ 16) (Fig. 6A) . Survival analysis revealed that CD4-depleted mice were three times more likely to die than CD8-depleted mice (P Ͻ 0.009), showing that CD4 ϩ T cells are essential for protection against Ed MeV in NT mice. This result is consistent with findings of previous studies with BALB/c (H-2 d ) mice (15) . In contrast, CD4 ϩ T-cell-depleted TG H-2 d mice (n ϭ 17) were only 1.7 times more likely to die than CD8 ϩ T-cell-depleted TG H-2 d mice (n ϭ 15), a difference that was not statistically significant (Fig. 6B) (Fig. 6B) . Mice with combined CD4/CD8 ϩ T-cell depletion were three times (P Ͻ 0.02) and five times (P Ͻ 0.005) more likely to die than CD4 ϩ or CD8 ϩ T-cell-depleted mice, respectively. The inability to achieve greater than 73% mortality in TG H-2 d mice, even after depletion of both CD4 ϩ and CD8 ϩ T cells, suggests that overexpression of hsp70 confers a level of innate immunity that contributes to decreased virus-induced mortality.
Histological analysis of T-cell-depleted TG mice confirmed the efficacy of the depletion protocol in that no CD3 ϩ cells were observed within brain sections representing either the acute or chronic phase of infection. Infiltrates were observed following CD8 ϩ T-cell depletion but were minimal when CD4 ϩ T cells were depleted and were absent when both CD4 ϩ and CD8 ϩ T cells were depleted. The increase in mortality that was observed with the combined T-cell depletion was associated with an increase in the viral CPE within the hippocampus, providing further support for the association between hippocampal lesions and virus-induced mortality. The incidence of neuronal death was 38% (5/13 mice examined histologically) in Ed MeV TG mice in which T cells were depleted. Neurons in the CA1 to -3 layers of the hippocampus and the granular cell layer of the dentate gyrus exhibited intranuclear and cytoplasmic inclusion body formation, in addition to syncytium formation and selective neuronal death (Fig. 7) . These changes are consistent with previous findings for hsp70-overexpressing H-2 b C57BL/6 mice (8) and parallel pathological findings for human measles inclusion body encephalitis (12, 13, 16) .
Depletion of T cells did not significantly influence the incidence of hydrocephalus in TG mice. The incidence, based upon the number of animals available for histological analysis, was 36% (5/14) for CD4 ϩ T-cell-depleted TG mice, 27% (4/15) for CD8
ϩ T-cell-depleted TG mice, and 15% (2/13) for TG mice in which both CD4 ϩ and CD8 ϩ T cells were depleted. These differences were not statistically significant. For all cases of hydrocephalus in TG mice (n ϭ 19), the majority (17/19) were observed in animals surviving to 28 days p.i. None of the T-cell-depleted NT mice exhibited hydrocephalus, from a total of 27 animals examined histologically. Results suggest that innate responses to viral infection contribute to the develop- ϩ T cells (n ϭ 15), or a mixture of monoclonal antibodies specific for both T-cell subsets (n ϭ 15). The Cox proportional hazards models indicated that survival was not significantly different for mice in which CD4 ϩ T cells versus CD8 ϩ T cells were depleted. Combined depletion of CD4 ϩ and CD8 ϩ T cells in TG mice resulted in mortality that remained less than that of CD4 ϩ T-celldepleted NT mice (73% versus 94%, respectively). a Values represent a percentage of the total number of splenocytes that were counted, are an average for two animals per group, and were detected with monoclonal antibodies distinct from those used for the depletion; CD4 ϩ T cells were labeled with antibody L3T4, and CD8 ϩ T cells were labeled with antibody Ly-3.2. Levels of CD4 ϩ T cells were not affected by the administration of anti-CD8 antibody and vice versa (not shown).
ment of hydrocephalus and host protection in hsp70-overexpressing TG mice.
Innate immune responses in infected mice. Total brain RNA was analyzed by real-time RT-PCR in order to provide direct evidence for enhanced innate immune responses in infected TG mice relative to those in NT mice. Sampling was designed to precede virus-induced mortality, which occurs as early as 11 days p.i., and to precede the onset of adaptive immune responses, previously shown to be detectable by 14 days p.i. based upon MeV-specific splenocyte blastogenic responsiveness (7). Accordingly, mice were inoculated via the intracranial route with 4 ϫ 10 4 TCID 50 Ed MeV as described above, together with sham-inoculated controls, and brains were harvested at 5 and 10 days p.i. Each time point was represented by five infected and two uninfected TG or NT mice.
Mononuclear inflammatory cell infiltrates of the brain were observed at 10 but not 5 days p.i. based upon evaluation of H&E-stained frozen sections, and these infiltrates exhibited CD4 but not CD8 immunoreactivity (not shown). Infiltrates were present in the leptomeninges, cerebral cortices, and hippocampus and with no apparent differences in the distribution or magnitude of the response between TG and NT mice. The RNA analyses thus focused on the 5-day-p.i. time point in order to maximize representation of intrinsic tissue responses to viral challenge.
Expression of CD68 and that of MHC II mRNAs were used as markers of innate immune activation, with CD68 and MHC II being expressed by activated microglial/macrophages and MHC II also being expressed by activated astrocytes and endothelial cells (26) . Levels of transcript that were measured by real-time RT-PCR were significantly greater for TG mice than for NT mice for both CD68 and MHC II (P Ͻ 0.05, ANOVA) (Fig. 8) . hsp70 can stimulate innate immune responses in the central nervous system (CNS) through interaction with TLRs, specifically TLR2 and TLR4 (1, 21) . We therefore examined FIG. 7 . Depletion of T cells in TG mice caused increased mortality between 11 and 19 days p.i. that was associated with viral CPE and reactive gliosis in the dentate and hippocampal gyrus. Lymphocytic infiltrates were absent in mice in which both CD4 ϩ and CD8 ϩ T cells were depleted, shown here in H&E-stained sections of formalin-fixed tissues at magnification ϫ4 (A) or ϫ40 (B). Pyramidal neurons of the hippocampus (B) exhibited syncytium formation (s) that progressed to neuronal death with formation of reactive microglial nodules (gn). These changes were identical to those observed in the acute deaths of NT mice independent of T-cell depletion. CPEs unique to T-cell-depleted TG mice were the formation of neuronal inclusion bodies and the formation of granular cell neuron syncytia. Panel C is a ϫ50 magnification illustrating these CPEs in both granular cell neurons (upper half) and sporadic pyramidal neurons (midlevel). Individualized neuronal death characterized by hypereosinophilic soma was interpreted as necrosis (n) based upon lack of immunohistochemical reactivity to activated caspase 3 (not shown), and this change accompanied the formation of syncytia. Dead cells often exhibited nuclear hypereosinophilia associated with margination of chromatin along the nuclear membrane, compatible with Cowdry type B paramyxovirus intranuclear inclusions. Eosinophilic cytoplasmic inclusion bodies were observed in pyramidal neurons (i), shown here in two cells undergoing vacuolar degeneration. Sporadic pyramidal neurons exhibited both eosinophilic cytoplasmic and intranuclear Cowdry type B inclusions (D).
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ TLR2 and TLR4 transcript expression as evidence of signaling through these pathways. Transcripts for both TLRs were significantly elevated in brains of infected TG mice relative to levels for infected NT controls (P Ͻ 0.05, ANOVA) (Fig. 8) . Activated microglia/macrophages are a potent source of IFN-␥ (23, 54) , and this cytokine is known to mediate noncytolytic clearance of MeV from the brain (44) . We therefore measured IFN-␥ transcript levels within total RNA from infected brain tissues by real-time RT-PCR. Transcript levels were increased approximately threefold for infected TG mice relative to levels for infected NT mice, although differences were not statistically significant due to a large standard deviation of the mean (Fig. 9) . Transcripts from 10 days p.i. were examined to determine if differences might be amplified by infiltrating T cells. The TG-infected mice exhibited an approximately twofold increase in IFN-␥ transcript levels relative to those for NT-infected mice, but again the difference was not statistically significant due to a large standard deviation of the mean. This result indicates that IFN-␥ production alone does not explain the enhanced protection against MeV challenge that is mediated by hsp70.
DISCUSSION
Results of the current study show that selective neuronal overexpression of hsp70 in H-2 d C57BL/6 mice can reduce the brain viral RNA burden, reduce virus-induced CPE in the hippocampus, and eliminate virus-induced mortality. These results are similar to those of previous work with H-2 d BALB/c mice where hsp70 was elevated by transient whole-body hyperthermia prior to intracranial Ed MeV inoculation (7) . The mean Ed MeV RNA burden for TG H-2 d C57BL/10 mice was 15 times lower than that observed for NT mice. The protective effects of hsp70 overexpression remained apparent when both CD4 ϩ and CD8 ϩ T cells were depleted, indicating an hsp70-dependent enhancement of innate immunity. Enhanced innate immunity was directly supported by the increased expression of markers of innate immune activation (i.e., CD68 and MHC II transcript levels), as well as the expression of transcripts for TLR2 and TLR4, well-established mediators of innate immune activation in cells such as microglia and macrophages. Enhanced microglial/macrophage activation in brain following TLR activation is associated with a number of responses that could promote antiviral immunity, including production of cytokines with direct antiviral activity (e.g., IFN-␥ [23, 54] ). The effector cytokines and/or chemokines relevant to hsp70-mediated protection remain to be established and may be multiple. While the observed increase in IFN-␥ production for infected TG mice relative to that for infected NT mice was not statistically significant in the present work, we cannot exclude its relevance. Cytokine and chemokine networks act synergistically, amplifying the host protective role of any one component.
TLRs differ in the type of ligand that they recognize (i.e., exogenous versus endogenous) and in the intracellular versus extracellular location of these recognition events. TLR2 and -4 are unique in that they recognize extracellular endogenous ligands, such as heat shock proteins, and extracellular hsp70 is known to activate microglia/macrophages predominantly through TLR4 but also through TLR2 (21) . Stimulation of TLR4 by hsp70 results in secretion of IFN-␥, nitric oxide, tumor necrosis factor alpha, interleukin 1␤, interleukin 6, CCL2 to -5, and CXCL1 (5, 46, 49) . In order to engage these TLRs, hsp70 would need to be released from cells, and this could occur either through secretory mechanisms or following cell death due to viral CPE. The latter would be maximal for virus mounting a transcriptional response to hsp70, and this may explain why complete protection against virus-induced mortality was observed in TG mice infected with Ed MeV but not the N-522D variant. In previous work, infected H-2 b TG mice show enhanced transcript levels for Ed MeV but not Ed N522D virus relative to those for infected NT controls, establishing the in vivo relevance of in vitro studies showing loss of viral transcriptional responsiveness to hsp70 when the Ed N protein amino acid 522 is changed from asparagine to aspartic acid (8) . The extracellular release of hsp70 in response to viral infection has been shown for parvovirus H1 (32) , and the extracellular release of hsp70 in the CNS has recently been documented as part of the inflammatory responses to ischemia-reperfusion injury (2) . The extracellular release of hsp70 emerges as a probable link between the virus-infected cell and the uninfected cells that are primarily responsible for initiating innate and adaptive immune responses. Recognition of the dual role of hsp70 as an intracellular chaperone and extracellular cytokine is the basis for the term "chaperokine".
Two aspects of models of virus-hsp70 interaction should be emphasized. First, the mouse model used for the current study is less permissive to MeV infection than are the MeV receptor TG lines (i.e., lines expressing human CD46 or CD150). It is possible that in a more permissive system, a host-protective effect of hsp70 may be demonstrable independently of the viral transcriptional response. This possibility is supported by the tendency toward host protection (albeit not statistically significant) in H-2 d TG mice infected with the Ed N-522D virus. Second, the hemagglutinin protein of wild-type strains (but not that of the Ed MeV strain used in the current study) has been reported to activate TLR2 signaling in vitro, raising the possibility that viral proteins contribute to extracellular TLR signaling by hsp70 (3).
Enhanced immune activation within infected TG mice does appear to have a cost-cerebral cortical atrophy resulting in secondary enlargement of the lateral ventricles. In the mouse model of brain infection by Sindbis virus, viral clearance by CD4 ϩ T cells and microglia/macrophages is associated with tissue loss that results in enlargement of the lateral ventricles (24) . This specific type of lateral ventricular enlargement is known as hydrocephalus ex vacuo and is contrasted with obstructive hydrocephalus, in which an impaired flow of cerebrospinal fluid causes increased intracranial pressure, resulting in enlargement of the calvarium in neonates and cerebral cortical atrophy. Obstructive hydrocephalus has been found in MeVinfected hamsters (18) , where glial scarring in the mesencephalic aqueduct follows ependymal infection, but results of the current work lack evidence of the ependymal infection and enlargement of the third ventricle that should accompany stricture of the mesencephalic aqueduct. A role for hsp70-mediated activation of innate immune responses as a cause for hydrocephalus in the current work is supported by the fact that depletion of T-cell subsets fails to significantly reduce the increased incidence of hydrocephalus that is observed in infected TG mice. The benefit of minimizing virus-induced CPE in the hippocampus offsets the cost of cerebral cortical atrophy in infected TG mice. Mounting evidence suggests that hippocampal injury is a basis for sudden death in humans (48) .
A central role for microglia and/or bone marrow-derived macrophages in mediating hsp70-mediated outcomes of MeV infection can be used to reconcile the H-2 haplotype-dependent differences in the outcome of MeV-hsp70 interaction in brain. In an H-2 b background, the host immune system cannot exploit (or contain) the hsp70-dependent stimulation of viral gene expression, and the result is an unchecked viral spread and increase in viral CPE and virus-induced mortality. In contrast, the viral transcriptional responsiveness to hsp70 is exploited in H-2 d mice to enhance antiviral immune mechanisms that ultimately reduce the brain viral RNA burden and eliminate virus-induced mortality. Others have shown that cytokine production is altered in monocytes and T cells of H-2 b mice relative to that for congenic H-2 d mice (28, 29) , and we propose that microglia and monocyte-derived macrophages may respond differently to hsp70 ligands as a function of the H-2 allele. Cytokine and chemokine responses of mouse microglia also differ as a function of age. Responses are reduced in microglia recovered from neonatal mice relative to those for weanling mice, leading Schell et al. (46) to propose that microglial responsiveness to TLR ligands may serve as a basis for the age-dependent differences in the outcome of MeV infection of the brain (i.e., enhanced neonatal susceptibility) (17, 25, 47 (35, 36, 55) . Increasing the strength of a microglial activation stimulus, in this case through TG hsp70 overexpression, may thus unmask the H-2 haplotype-dependent differences in microglial responses to activation stimuli. Future studies must identify components of the innate immune response that are responsible for hsp70-dependent host protection in H-2 d mice so that we may then define specific deficiencies in the H-2 b response that underlie enhanced susceptibility to viral infection.
Our understanding of the immune parameters required for protection in MeV infection of humans remains incomplete, although increased expression of hsp70 should be a characteristic feature of infection. hsp70 is both constitutively expressed and inducible in humans, in contrast to the lack of significant basal expression in rodents (7, 34) . Fever is a consistent sequela to MeV infection (19) , and temperature elevations as low as 39°C are potent inducers of hsp70 in the human brain (34) . Heat-shock-induced hsp70 levels are stable in the brain (43) , where hsp70 is localized primarily to the soma of neurons (50) . The degree to which hsp70 levels in our TG mice approximate basal versus heat-shock-induced levels in humans remains to be established, although any increase in levels of hsp70 in neurons of mice represents a change that more closely approximates results with human tissues. MeV infection of humans is controlled in part by both virus-specific humoral and cell-mediated immune responses, although T cells appear to play a dominant role during primary infection (51) . No clear link exists between MHC alleles and T-cell-mediated protection in humans (10, 11) ; however, several class I alleles have VOL. 83, 2009 MHC, hsp70, AND MEASLES VIRUS NEUROVIRULENCE 5553 been associated with MeV-induced IFN-␥ secretion (42) . MHC class III allelic variation has not been examined in the immune response to MeV infection, although genes in this region encode diverse proteins involved in immune and inflammatory responses. Two genes encoding hsp70 are found in the MHC class III region of humans (31) , and hsp70 contributes to MHC class I antigen expression (56) , illustrating the fundamental linkage between hsp70 and immune/inflammatory responses.
In conclusion, hsp70-overexpressing H-2 d mice recapitulate key features of the acute sequela to MeV infection of the human brain. Brain infection is a characteristic feature of MeV infection in humans. Electroencephalographic evidence for CNS invasion has been observed in 50% of uncomplicated cases of naturally occurring MeV infection, and MeV N transcripts have been detected in the brains of 18% of autopsy cases unassociated with MeV-induced neurological disease (6, 22) . Despite this frequency of CNS invasion, neurological disease is rare, supporting the effectiveness of antiviral immunity. This infection outcome is modeled by the infected TG mice, and the increased mortality observed in NT infected mice supports a pivotal role for hsp70 in mediating host protection. Immune suppression in TG H-2 d mice (e.g., T-cell depletion) increases the incidence of a fulminate and highly cytopathic form of CNS infection that exhibits features of measles inclusion body encephalitis, an acute infection outcome observed in immunocompromised humans. The contribution of MHC to outcomes of human brain infection and the ability of TG mice to model a rare and chronic sequela to MeV infection of humans (i.e., subacute sclerosing panencephalitis) remain to be established.
